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The dispersion of a tracer in a fluid flow is influenced by the Lagrangian motion of fluid elements.
Even in laminar regimes, the irregular chaotic behavior of a fluid flow can lead to effective stirring
that rapidly redistributes a tracer throughout the domain. When the advected particles possess a fi-
nite size and nontrivial shape, however, their dynamics can differ markedly from passive tracers, thus
affecting the dispersion phenomena. Here we investigate the behavior of neutrally buoyant particles
in 2-dimensional chaotic flows, combining numerical simulations and laboratory experiments. We
show that depending on the particles shape and size, the underlying Lagrangian coherent structures
can be altered, resulting in distinct dispersion phenomena within the same flow field. Experiments
performed in a two-dimensional cellular flow, exhibited a focusing effect in vortex cores of particles
with anisotropic shape. In agreement with our numerical model, neutrally buoyant ellipsoidal par-
ticles display markedly different trajectories and overall organization than spherical particles, with
a clustering in vortices that changes accordingly with the aspect ratio of the particles.
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The dynamics of finite-size particles in fluid flows can
be considerably different from infinitesimal fluid parti-
cles, leading to distinct clustering and dispersion phe-
nomena. From pollutant transport and plankton dis-
tribution on the ocean surface, to accretion phenom-
ena in astrophysics, predicting the dynamics of finite-
sized objects in a given field of force matters in a wide
variety of natural phenomena and industrial processes.
The repercussions of finite-size effects on the transport
of material particles are crucial in understanding many
geophysical and environmental processes, as well as for
ocean decision-making strategies, and presses the need
for improved predictive capability of material dispersion
in fluid flows.
In this context, Lagrangian coherent structures (LCS)
provide a useful framework to understand the transport
of material in complex, unsteady flow fields [1]. How-
ever, depending on their size and buoyancy, objects that
present inertia can follow markedly different trajectories
than passive fluid particles [2–4]. The shape of the par-
ticles; i.e their symmetry properties, can also affect their
response to fluid flows, leading to distinct behaviors be-
tween anisotropic objects and their symmetric counter-
part [5, 6]. For instance, in cloud formation process, the
anisotropic shape of ice particles influences their trans-
port [6] and aggregation [7, 8] in turbulent atmospheric
flows. Fiber transport in cellular flows, on the other
hand, can lead to very different hydrodynamic disper-
sion depending on the buckling properties of the material
[9, 10]. Under marine conditions on the other hand, pref-
erential alignment of elongated microorganisms in the
flow local direction can also change the light backscat-
tering and alter the rates of global carbon fixation in
phytoplankton blooms [11]. In recent studies, predictive
models suggested that the irregular shape of microplas-
tic contaminants can influence the long term transport
on the surface of the ocean [12–14].
In this paper, we investigate experimentally the long
term dynamics of rod shape particles with various aspect
ratio, in a quasi-2-dimensional Stokes flow. We present
a simple model that combines finite-size effects with an
orientational-dependent dynamics, and perform in par-
allel, numerical simulations under identical conditions
to the experiments. Our results suggest that particles
with anisotropic shape present stronger inertial effects
than spherical particles, and are attracted to regions with
higher vorticity.
Inertial effects arise when the advected particle’s ac-
celeration is different from the carrier fluid’s accelera-
tion; namely, the particles are responding to changes in
the underlying flow field over a finite time, for instance
when the density of the advected particles and the den-
sity of the fluid are different. Even for small density
differences, these effects can accumulate over time and
eventually lead the particles to exhibit drastic deviations
from the fluid flow trajectories. To account for these ad-
ditional forces, the particles dynamics can be described
by the Maxey-Riley equation [15, 16]. Assuming the par-
ticle’s radius a is much smaller than the characteristic
flow length scale L, the Faxén correction terms and the
memory term can be neglected, and after rescaling space
by L, and time by T = L/U , with U the characteristic

















The particle’s velocity v variation now depends on three
forces described by the right hand side of the equation.
The first term accounts for advection and added mass,
with u the flow velocity, the second one is the Stokes
drag force, and the third is the buoyancy force, where g
is gravity. Note that d./dt = ∂.∂t + (v ·∇). and D./Dt are
considered different here since the particles are neutrally
buoyant but not infinitesimally small [18]. The difference
between the particle density ρp and the fluid density ρf





































wheres Re = UL/ν is the flow Reynolds number and
ν the fluid kinematic viscosity. This simplified Maxey-
Riley equation has been commonly used in the litera-
ture to describe small but finite-size particle’s dynam-
ics [2, 16–19]. For instance, experiments conducted
in 3-dimensional turbulent flows [4, 20–23], and in 2-
dimensional chaotic flow [3, 18], have shown that the
particles behavior can be partly quantified by the par-
ticle’s Stokes number.
When the particles are neutrally buoyant, such that
ρp = ρf , the equation (1) converges toward the fluid ele-
ments motion for infinitesimal particles a L, such that
St → 0. However, if the particle’s size is not negligible,
their dynamics can exhibit a finite relaxation time due
to the interactions of the flow over the particle’s surface
[2–4, 18]. Even for neutrally buoyant particles, these ef-
fects can be responsible for additional forces acting on
the particle, and can result as well in particles’ trajecto-
ries to deviate from the fluid flow. For neutrally buoyant








St−1(v − u). (3)
Compared with spheres, non-spherical particles ex-
hibit an additional mechanisms due to the coupling
between translational and rotational behavior. These
particles can then experience both a torque and an
orientation dependent drag force. The motion of small,
neutrally buoyant ellipsoidal particles in laminar flow
has been first studied by G. B. Jeffery in 1922 [24].
His theoretical work on the torque experienced by
non-inertial ellipsoidal particles, and more recently,
numerical simulations on anisotropic particles under-
going orientation dependent drag force and relaxation
times [5, 14, 25], suggest that the dynamics of even
very small objects, i. e. St  1, can be strongly
modified due to their shape. Experiments in turbulent
flow, have also indicated that the turbulent kinetic
energy of a suspension is altered accordingly with the
suspended particles’ shape [26]. Finally, even with
weak inertial effects coupled with orientation depen-
dent forces, the transport of anisotropic particles can
lead to distinct trajectories over long period of times [14].
Model
To describe the effects resulting from finite size and
anisotropic shape with a minimal model, we present here
an equation of motion that couples the particle’s orien-
tation with the drag force. Neutrally buoyant ellipsoidal
particles experience a torque that tends to align their
axes parallel to the surrounding fluid principal axis of
distortion. When the particle’s Reynolds number is neg-
ligible Rep = av/ν  1, they can be considered iner-
tialess and their velocity are equal to the surrounding
fluid v = u at all time, such that there is no resultant
force acting on the particle [24]. In laminar flow, this
resultant torque on the particle vanishes at first order,
and the particle angular velocity θ̇ can be simply ex-
pressed as a function of the flow vorticity ω and strain-




























where ε = b/a is the particle aspect ratio, with a and b
the semi-minor and semi-major axis respectively. In this
configuration θ represent the angle of the particle major
axis with x̂ in the fixed frame, and ux and uy are the
horizontal and vertical components of the flow velocity
in the same reference frame.
In order to consider finite-size particles, we need to
take into account inertial forces that will tend to sep-
arate the particles trajectory from the fluid trajectory,
such that now v 6= u. The dynamics of elongated par-
ticles is not well approximated by Eq. (3), and need to
take into account orientation specific dynamics [29, 30].
For instance, the added mass and drag force terms can
become dependent on the particle’s instantaneous orien-
tation [5, 14, 25]. Here, we present a linear momentum
equation with a the hydrodynamic drag force term cou-
pled with the particle’s orientation [16, 31–34]:
F = −6πaµ ˆ̂K(v − u), (5)
where µ is the dynamic viscosity of the fluid , and ˆ̂K
represents the resistance tensor of an ellipsoidal particle
in the co-moving frame [5, 16, 33]. The resistance tensor
K̂ is initially determined in the particle frame , and re-
lates to ˆ̂K in the co-moving frame through the particle
rotation matrix A:
ˆ̂K = A−1K̂A. (6)
In the case of a prolate ellipsoidal particle, e.g. invariant
by rotation along its major axis, the resistance tensor
reduces to a diagonal matrix. We note K̂ = 8/3ε−1/3k̂


















Substituting the drag force term applying to spheres in








(εSt)−1 k̂(v − u) , (8)
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FIG. 1. Experimental setup of the rotor-oscillator flow: one
rotor attached to a traverse, are respectively ensuring the ro-
tation and translation of the rod. A mirror at 45 degrees is
reflecting the recorded image of the interface from the bot-
tom of the tank. The particles are trapped at the center of a
stratified glycerol layer.
such that now, the equation of motion becomes coupled
to the orientation of the particle given by Eq.(4) [16].
Note that the drag force term’s prefactor is now pro-
portional to (εSt)−1, and indicates that the relaxation
time of the particle will now also depend on its aspect
ratio; i.e. the more elongated the particle the longer the
response time.
Methods
The experimental setup consists in a rectangular con-
tainer of dimensions L×W×h = 100×400×200 mm. To
circumvent any surface tension effect [36], the particles
are trapped at the interface between two miscible fluids
of different density. The tank is filled with two stratified
layers of pure glycerol of density ρ1 = 1.26±0.001 g.cm−3
and a solution of salted glycerol and 4% water of den-
sity ρ2 = 1.30 ± 0.01 g.cm−3, as represented in Fig. 1.
In order to prevent any viscous instability at the inter-
face, the viscosity of the salted layer is matched with
pure glycerol by adding water. Viscosity measurements
were performed with an Aton Paar MCR rheometer for
different concentrations of water to adjust the viscos-
ity of the salted glycerol solutions. Particles of density
ρp = 1.28 ± 0.005 are then trapped at the miscible in-
terface leading to a quasi-2-dimensional layer of particle
suspension. The bottom of the tank is filled with a 1 cm
layer of FC-40 to reduce the friction at the bottom of the
tank and a layer of vegetable oil on the top to prevent wa-
ter absorption by the glycerol. The experiment is lighted
from the top with a series of led and the particles motion
is recorded with a 45 degree tilted mirror at the bottom
the setup. Images are digitized with a 14 bit LaVision
camera and particles tracking velocimetry (PTV) is per-
formed from filtered images. 3d-printing ABS filament of
1.75 mm diameter was cut to different length to create
FIG. 2. (a) Experimental flow velocity field determined from
PIV measurements, with a rotor speed at 100 rpm in a steady
transversal position. The color code corresponds to the norm
of the flow velocity. (b) Finite time Lyapunov exponent field
determined from the analytical approximation of the rotor-
oscillator flow [35].
anisotropic particles with the desired aspect ratios. To
minimize particle-particle interactions, a small number of
particles (32) is initially uniformely deposited across the
domain. For each particle’s aspect ratio, five indepen-
dent realizations were prepared manually by randomly
redistributing the initial positions of the particles at the
glycerol/glycerol-and-salt interface, as shown in the sup-
plemental figure [16]. Because of the stable stratification
configuration and the high viscosity of the glycerol, the
interface remains well define during consecutive realiza-
tions of the same experiment. The stratification is then
renewed by changing the fluid mixture in the tank, and
different particles are deposited at the interface.
The experimental flow is created by stirring the fluid
with a rotating rod attached to a longitudinal translation
stage. The rotation is controlled with a Lexium NEMA
34 motion control motor with a Plexiglas rod of 2 cm
diameter, and the translation of the rotor with a Parker
lead-screw traverse above the tank. The resulting flow is
quasi-2-dimensional in the stratified fluid layer, and sim-
ilar to the topology of the rotor-oscillator flow described
by Hackborn [37]. In the steady regime, when the po-
sition of the rod is fixed, the rotation of the rod in the
central region close to the bottom boundary creates a se-
quence of two Moffatt eddies [38] and a hyperbolic stag-
nation point in the center. Particle image velocimetry
(PIV) is performed by seeding the upper glycerol layer
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FIG. 3. Numerical particles positions after a transient regime in the steady vortex flow with A = 100 and ω = 2π/10. For
particles inirially at rest and Stokes number St = 5 10−4 (a) spheres and (b) ellispsoids with ε = 5, and St = 10−3 (c) spheres
and (d) ellispsoids with ε = 5. (e) Trajectories for two spherical (orange) and two ellispoidal (purple) particles with St = 10−1
starting from the same initial positions. (f) Velocity difference vx − ux variation over time between the particle velocity and
the fluid velocity at the particle’s position, for a spherical (orange) and an ellispoidal (purple) particle.
with 30 µm diameter hollow glass beads. A YAG laser
532 nm is used to illuminate a sheet in the horizontal
plane to visualize the flow at the vicinity of the plane
containing the inertial particles. A typical flow velocity
obtained from the PIV analysis is displayed on the Fig-
ure 2. The inner region in the direct proximity of the
rotor exhibits the highest velocities ‖u‖ & 10 mm.s−1,
and rapidly decays within a rotor radius away from the
rotating boundary. The two co-rotating Moffatt eddies
are also visible, with an average flow speed in the outer
region of u ' 4± 1 mm.s−1 in their vicinity.
We perform in parallel numerical simulations solving
the governing equations (4) and (8) under identical
conditions with the experiments. In order to couple the
equations (4) and (8) with the experimentally measured
flow field, the velocity field is nondimensionalized such
that x∗ = x/L with L = 100 mm corresponding to the
width of the tank, and u∗ = uT/L, where L/T is the
characteristic flow velocity estimated from the average
flow in the outer region surrounding the vortices. The
size and the aspect ratio of the particles are set by choos-
ing identical Stokes number and ε with the experimental
particles. The particles initial positions are on a grid
and start with a slightly smaller initial velocity relative
to the fluid velocity, such that v(t = 0) = 0.9u at the
particle’s initial position, and the initial orientation of
the anisotropic particles θ0 are randomly distributed.
Results
We first numerically investigate the effect of particles
size and shape on their trajectories over a large range
of Stokes number 10−4 6 St 6 10−1, and aspect ratio
1 6 ε 6 10. We consider a double gyre flow with periodic
boundary conditions defined by the stream function
ψ(x, y, t) = A sin[(πf(x, t)] sin(πy), (9)
where A sets the flow amplitude, f(x, t) = x + B(x2 −
2) sinωt, and B sets the oscillation amplitude. In the
steady regime B = 0, and the stream function reduces
to ψ(x, y) = A sin(πx) sin(πy), leading to a simple vortex
flow. The resulting trajectories and spatial distribution
of neutrally buoyant particles with different shapes are
shown in Figure 3 for two different Stokes number and a
stream function amplitude of A = 100. At this flow am-
plitude, the inertial particles are rapidly converging to a
steady spatial distribution. As can be seen from the par-
ticles distribution in Fig. 3(a)-(d), both types of particles
display a preferential concentration in the vicinity of the
vortex core, which increases with the St number. In addi-
tion, ellipsoidal particles orientation aligns with the local
flow streamlines, and systematically present a stronger
focusing behavior, converging toward smaller orbits radii
at equal St number with the spherical particles. This
effect can be attributed to the reduced prefactor in the
drag force term in Eq. (8) for anisotropic particles which
results in an increasingly larger relaxation time with ε to
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FIG. 4. Particles FTLE field in simulations with spherical particles, left column, and elliptical particles with ε = 5, right
column, after T = 20 time steps in a double-gyre flow. The corresponding flow parameters are: A = 100, e = 0.25, and
ω = 2πA with a particle inital velocity at v = 0.9u, (a) and (b), and v = 0, (e) and (f). Corresponding particles positions in
simulations with spherical particles, left column, and elliptical particles with ε = 5, right column
deviations from the flow velocity. Even at small St num-
ber St ≈ 10−4, when inertial effects are expected to be
negligible, anisotropic particles’ trajectories continues to
exhibit a preferential concentration at a given distance
from the vortex center, while spherical particles trajec-
tories remain more uniformly distributed.
As can be seen in Figure 3(e) and (f), spherical par-
ticles with the largest simulated St numbers are rapidly
trapped on a regular orbit, similar to the results show
by Babiano et al. [18]. In contrast, anisotropic particles
at equal St number exhibit a more irregular trajectory
within the same flow field, the particle’s velocity doesn’t
converge to the flow velocity field while their orbits are
closer to the vortex core.
We now use the full time-dependent double gyre flow,
and set e = 0.25. In time varying flows, attractive and
repulsive structures are only defined over a finite-time
window period. Regions with a low FTLE value is in-
dicative of attractive properties; i.e. initially neighbor-
ing fluid particles remain close to each other over a given
time window, while high values of the FTLE field corre-
spond to repulsive regions of the flow, where the spatial
separation over the same time window between neigh-
boring fluid particles is maximized [1, 39]. Figures 4
compares spatial distribution and corresponding FTLE
for spherical and ellipsoidal with two different St num-
ber and initial conditions. In all configurations, after
t = 2/A, whith 1/A corresponding to the gyre rotation
period, the ellipsoidal particles distributions systemati-
cally present more contrasted spacial density variations
than the spherical ones. The corresponding FTLE fields
are then computed from the same finite-size particle tra-
jectories [40]. While the spherical particles FTLE fields
resemble the flow FTLE field (see the supp. mat. [16]
for comparison) while the elliptical particles FTLE field
are more affected and exhibit additional structures local-
ized in regions with stronger mixing. This suggests that
elliptical particles more complex dynamics lead to a de-
parture from passive particles dynamics in time varying
flows even for very small St numbers.
We now present a series of experiments with rod shape
particles for three different aspect ratio ε = 1, 2 and
5. The experimental flow has the geometry of a rotor-
oscillator (RO) flow in the steady regime; an example of
the flow velocity field is shown in Fig. 2(a) and more
details can be found in [16]. We impose a constant rotor
speed of 200 rpm for all the experiments. In this configu-
ration, the Re number typically range between 10−1 and
10 over the flow field in the region away from the direct
vicinity of the rotor. This leads to relatively small par-
ticle Stokes number St ≈ 10−4 − 10−3, such that, in the
absence of anisotropy induced effects, we expect the par-
ticles to behave closer to tracers particles, and particles
with ε = 1 can be approximated with spherical particles.
The particles are initially uniformly distributed across
the experimental domain with no preferential alignment
across the quasi-2-dimensional plane defined by the two-
layer stratification, see [? ] for details. Immediately after
the flow is switched on, particles with ε > 1 rotate along
their ẑ axes and exhibit a preferential alignment of their
principal axes with the local flow direction, as shown in
the supplementary Figure [16] and supplemental movie 2.
This suggests that the orientational behavior has a negli-
gible response time to the changes in the flow field. The
elongated particles almost instantaneously align with the
local flow direction, in good agreement with our assump-
tion in Eq. (4) and previous observations in flows at
higher Reynolds number, where the particles align with
the strongest Lagrangian stretching direction [28, 41].
The particles remain in the same plane for the entire
duration of the experiments, and the principal axes of
the elongated particles doesn’t display off-plane motions
except near the direct vicinity of the rotor.
After a time t & 6000τ , where τ = 0.3 s corresponds
to the rotor rotation time period, the particles spatial
distribution approaches a stationary regime and exhibit a
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FIG. 5. Top row: experimental particles final positions at t = 3500s, middle row: PTV determined from the corresponding
experiments for t = 0 − 3500s , bottom row: PTV determined from numerical particles trajectories coupled with the
experimental flow field show in Fig. 2 for t = 0 − 2000s.
strong dependence to aspect ratio, as can be seen on Fig.
5(a)-(c) and supplemental video 3. The final position of
the particles with aspect ratio ε = 1 do not exhibit any
preferential concentration, and remain uniformly spread
across the domain, while particles with ε = 2 and ε = 5
display a migration from the outer regions of the flow
into the vortex cores and their vicinity. Remarkably, for
ε = 5, all the particles are focused in the central region.
Note that for ε = 2 and ε = 5, a few particles can be
attracted to the secondary vortices of the RO-flow near
the edges of the tank and are not covered by our field of
view in Fig. 2(a) and Fig. 5).
In order to quantify this behavior, we determine the in-
dividual particles trajectories using particle tracking ve-
locimetry (PTV), and monitor their spatial distribution
over time. Figure 5(d)-(f) displays the particles posi-
tion as a function of time for the entire duration of the
experiments corresponding to the snapshots in Figures
5(a)-(c) respectively. As can be seen in Fig. 5(e) and
5(f), in addition to be attracted to the central region of
the flow field, some of the elongated particles’ final tra-
jectories form closed orbits inside the vortices. While for
ε = 2, the rest of the particles are evenly distributed in
the vicinity the vortices, particles with ε = 5 exhibit a
strong concentration in a region encircling the two vor-
tices. Figure 6 displays the measured particle density
variation between 0 ≤ t ≤ 6000τ in the central region of
the flow shown by dashed white lines in Fig. 5(c). In
a first transient regime, the spatial density of the elon-
gated particles increases linearly over time with a larger
migration rate for particles with larger aspect ratio ε. Af-
ter a time t = t∗, the migration ends and the density of
particles in the central region of the flow remains con-
stant over time. Interestingly, this saturation time scale
t∗ ' 5000τ = 1500s seems to be identical for both tested
aspect ratio. On the other hand, particles with aspect
ratio ε = 1 present a negligible focusing effect, and their
spatial distribution is stationary over time.
To test the accuracy of our model, we perform in paral-
lel numerical simulations using the experimentally mea-
sured flow field shown in Fig. 2. The particles St number
and aspect ratio are chosen identical to the experimen-
tal particles. The remaining free parameter, the charac-
teristic time T of the flow field, is adjusted to give the
best match between the experimental and numerical par-
ticles velocity for a given region of the flow, additional
details can be found in the Methods section [16]. The
best agreement with the experimental particles trajecto-
ries is obtained for a time scale of T = 20 s, and is in
good agreement with the largest flow structure’s average
velocity u = L/T ≈ 5 mm/s, as can be seen in Fig. 2(a).
The resulting numerical trajectories are shown in Figure
5(g)-(i), and reproduce qualitatively the corresponding
experimental trajectories. They present a similar con-
vergence toward the vicinity of the vortices, although a
larger asymmetry between the left and right attractive
regions within the vortices is visible and only the right
vortex traps the elongated particles on a distinct inner
orbit. The migration dynamics of the numerical parti-
cles are shown in Fig. 6, and display a similar trend
with the experiments. A short quantitative match of the
particle density variation is obtained for t . 500 s, after
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FIG. 6. Spatial particle density in variation as a function
of time in the central region of the flow indicated by white
dashed lines in Fig. 5c). Experimental data: lines represent
average value and shaded region the error. Numerical parti-
cles with St = 5 10−4 coupled with the same experimental
flow field: dots, the two series of data correspond to simula-
tions with two different sets of parameters, see [16] for details.
Blue : ε = 1, green: ε = 2, and red: ε = 5
which the numerical particles start entering the satura-
tion regime around t ' 2500τ = 750 s, a little earlier
than the experimental value t∗ ' 5000τ .
Comparing the shape of high particle concentration
regions in the numerical simulations with the RO flow
FTLE field shown in Fig ??(b), we can identify to which
flow structures the particles are attracted to. The FTLE
field displays several ridges. Two minima are created in
the vortex cores, and correspond to the two elliptical
regions where the elongated particles are trapped in
the experiments. A third structure can be identify
and corresponds to the minima of the FTLE field that
forms a larger orbit encircling the two vortices. Both
experimental and numerical particles with the largest
aspect ratio ε = 5 are specifically attracted to this region
as can be seen in Fig 5f) and 5i).
Discussion
In our experiments, the observed migration toward
vortices for elongated particles with a small Stokes num-
ber St ∼ 10−4, suggests that even weak deviations from
passive trajectories can build up over time, and lead to
dramatically different dynamics over long time periods.
These perturbations are not sufficient to significantly al-
ter particles trajectories with an aspect ratio ε = 1, and
particles with ε = 2 exhibit a significantly weaker focus-
ing effect than those with ε = 5. A direct comparison
of these observations with numerical simulations, shows
that our minimal model qualitatively describes this be-
havior, although the particles focusing effect exhibits a
more moderate dependence to the particle aspect ratio
ε than in the experiments. This difference could be at-
tributed to second order orientation dependent terms,
such as the added mass [5, 14, 25, 29, 30], that are ne-
glected here.
These results suggest that anisotropic particles re-
spond to the flow with a stronger lag, such that in Eq.
8 St′ = εSt can be interpreted as an “effective” Stokes
number St′ that increases with ε. When the inertial ef-
fects are small, i. e. for smaller St number, the difference
between St and St′ becomes relevant only over larger time
scales, such that small differences in the particles dynam-
ics lead to distinct trajectories after a long time period.
This effect could potentially enhance the migration rate
of irregularly shaped microplastic toward gyres of marine
debris [13, 14], and influence the garbage patches forma-
tion dynamics [12, 42]. On the opposite length and time
scales, in biology this interplay between the shape of the
particle and the flow field structures could influence the
selective capture of microorganisms by larger animals.
For instance, flows created by the beating of cilia can
generate a local flow that attract only microorganisms
of an optimal size [43]. Identical mechanisms could po-
tentially select for an optimum shape, for instance, the
aspect ratio of a given bacteria.
In conclusion, even neutrally buoyant particles with
small particle Stokes number St ' 10−4 exhibit trajec-
tories that deviate from the fluid flow when they possess
an anisotropic shape. Both experimental and numerical
particles exhibit a migration toward the regions in the
vicinity of the vortices. The orientational dependence
of the drag term in our minimal model describes the
particles dynamics qualitatively, suggesting that this
effect might be sufficient to capture the separation
between isotropic and anisotropic particles trajectories
in cellular flows. In addition, the effect of other orien-
tation dependent terms should be studied in future work.
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